Abstract-This research proposes a parametric analysis for a flip chip package with a constraint-layer structure. Previous research has shown that flip-chip type packages with organic substrates require underfill for achieving adequate reliability life. Although underfill encapsulant is needed to improve the reliability of flip chip solder joint interconnects, it will also increase the difficulty of reworkability, increase the packaging cost and decrease the manufacturing throughput. This research is based on the fact that if the thermal mismatch between the silicon die and the organic substrate could be minimized, then the reliability of the solder joint could be accordingly enhanced. This research proposes a structure using a ceramic-like material with CTE close to silicon, mounted on the backside of the substrate to constrain the thermal expansion of the organic substrate. The ceramic-like material could reduce the thermal mismatch between silicon die and substrate, thereby enhancing the reliability life of the solder joint. Furthermore, in order to achieve better reliability design of this flip chip package, a parametric analysis using finite element analysis is performed for package design. The design parameters of the flip chip package include die size, substrate size/material, and constraint-layer size/material, etc. The results show that this constraint-layer structure could make the solder joints of the package achieve the same range of reliability as the conventional underfill material. More importantly, the flip chip package without underfill material could easily solve the reworkbility problem, enhance the thermal dissipation capability and also improve the manufacturing throughput.
I. INTRODUCTION

F
LIP chip and wafer level packaging technologies currently attract increasing attention from the electronics packaging industry due to their good thermal performance, smaller size, lower profile, lighter weight, higher I/O density, etc. Conventionally, flip chip packages used an underfill encapsulant to reduce the strain of the solder joints between the IC chip and its substrate. This encapsulant not only provides dramatic reliability enhancement with minimal impact on the flip chip manufacturing process flow, but also extends to a variety of organic substrate materials, resulting a ten to hundred-fold improvement in reliability compared to a flip chip package without underfilling. However, the major shortcoming posed by the unManuscript received September 1, 2000; revised May 1, 2001 . This paper was recommended for publication by Associate Editor I. C. Ume upon evaluation of the reviewers' comments. This work was supported by the National Science Council under Project NSC 90-2212-E-007-014.
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Publisher Item Identifier S 1521-3331(01)09776-8. derfilling process remains unresolved, such as, significantly increased difficulty of reworkability and the decrease of manufacturing throughput. To solve these problems, the main goal of this research is to develop an improved flip-chip package by eliminating the underfill material. This new packaging structure could not only maintain high reliability and low cost as the conventional flip chip packages but also could provide high process throughput, better thermal performance and high reworkbility characteristics.
There has been substantial research on the flip chip package with underfill material for the past years. The influence of soldering and encapsulant processing conditions and materials on the reliability of flip chip on board structure is discussed by Giesler et al. [1] . The impact of under-filler particles on reliability of flip-chip interconnects has been discussed by Darha et al. [2] . They conducted parametric analytical studies to investigate whether the reliability of flip-chip interconnects is affected by inhomogeneities in the underfill, such as the setting of filler particles. The effect of underfill on the level of stress concentration is investigated by Madenci et al. [5] They identified the possible failure sites of a flip chip package by using a global/local finite element approach. Furthermore, a no-flow underfill for low-cost flip-chip package has been developed by the Georgia Institute of Technology [4] . This new assembly technology is more cost-effective due to simplification of the process; however, the difficulty of reworkbility and the reduction of manufacturing throughput are not yet fully resolved. All of these researches have shown that in order to maintain good reliability of solder joints, the underfill is a necessary structure for conventional flip chip packages.
This work studies a flip chip package using a CTE constrained material on the backside of the substrate instead of using a conventional underfill process reworkability, increase manufacturing throughput, and enhance thermal performance, while still maintaining the same package reliability life as the underfilled flip chip structure.
Finite element analysis has been generally accepted by the electronics packaging research communities. Many structural/material behaviors of electronic packages are material/geometrically nonlinear, thermally dependent, strain rate dependent, time dependent (creep/relaxation) and even size, layout and process dependent. Therefore it is unlikely to set all of the nonlinear material properties as inputs for finite element analysis. Thus, one needs to carefully examine the analysis methodologies, procedures, mechanics/numerical algorithm selection, geometry configuration, boundary conditions and loading condition, etc. Usually, parametric analysis with 2D/3D finite element nonlinear analysis is quite feasible for electronic package analysis/design, and it has been widely adopted in the literature by [2] , [3] , [6] , [8] - [10] . Thus this research will not focus on the prediction of reliability of the package but will use parametric analysis technology to compare the impact of the strain and reliability characteristics on both the new and the conventional flip chip packages under same thermal loading condition. The results should be useful for the design of the new no-underfill flip chip package.
II. FLIP CHIP TEST STRUCTURES FOR VALIDATION
In order to validate the finite element approach applied in this research, a conventional flip chip BGA package (Fig. 1) is selected as a test vehicle in this study. The package is mounted on a multilayer FR-4 printed wiring board (PWB). On the BGA side, it contains seven rows of perimeter eutectic solder joints with 1.27 mm ball pitch and 0.508 mm standoff height. Center crosssections of a conventional flip-chip BGA package are shown in Fig. 2 . The dimension of the package is 37 37 mm square with a BT substrate thickness of 0.5 mm; the package die size is 11 11 mm with a thickness of 0.5 mm; and the standoff height of the eutectic solder joint of the flip chip is 0.131 mm with 0.2 mm ball pitch. The elastic material properties of these components within the package are listed in Table I . It should be noted that the silicon die, BT, copper pad, solder mask, constraint layer and FR-4 materials within the package are assumed to be linearly elastic and temperature independent. However, the nonlinear thermo-plasticity models are applied for eutectic solder (40%Pb/60%Sn, Fig. 3 ) and the underfill material (Fig. 4) in the nonlinear finite element thermal stress/strain analysis [11] .
The packaging model was subjected to external thermal loading, dropping from an initial stress free condition, i.e., 125 C, to a room temperature 25 C. The V-field (vertical direction) and U-field (horizontal direction) displacement phase diagrams of laser moire' for these practices are shown in Fig. 5 , and the finite element simulation and experimental results are listed in Table II . It can be seen that the finite element approach demonstrates promising results in comparison with the measurements. Therefore, the finite element approach used in this research can be considered as a reliable method for the subsequent new package design. 
III. FATIGUE LIFE PREDICTION MODEL
The fatigue life of a eutectic solder joint can be predicted using an empirical Coffin-Manson relationship [7] , [8] , [12] - [14] (1) (2) where mean cycle to failure; equivalent plastic strain range in one cycle of thermal loading; fatigue ductility coefficient; fatigue ductility exponent. This exponent is generally between 0.5 and 0.7, and in this study is assumed to be 0.51. Thus equation (1) can be re-written as equation (2) . The accumulated effective plastic strain is defined by 
IV. PARAMETRIC STUDY OF NEW FLIP CHIP PACKAGE
The objectives of this research were to address some of the reliability issues in flip chip packages by means of characterizing the plastic equivalent strain responses of flip chip package structures under various configurations. Parametric studies were performed to investigate the effects of die size, substrate size and its material properties, PWB size and its material properties and the size/material properties of the backside CTE constraint layer of the flip chip package. In the parametric study, the solder ball layout of the new flip chip die is a 3 3 area array peripheral type, and the other configurations of the package are shown in Fig. 6 . The thermal cycling temperature was from 55 C to 125 C with a 1-h thermal cycling rate. The key parameters investigated in this study include the width, thickness, CTE and Young's modulus effect of the die, substrate, PWB, buffer layer and the constraint layer of the packages.
A. Constraint Layer Effects
As shown in Fig. 7 , an increase of the width of the constraint layer from 10 mm to 14.5 mm can significantly decrease the average equivalent plastic strain of the flip chip solder ball from 0.0367 to 0.0159. From equation (2), it is easy to see that the reliability life of the solder ball will increase from 286 cycles to 1476 cycles. The constraint layer length of 14.5 mm is selected as the maximum width that can be used for this particular package, and in this case all of the equivalent plastic strains occur at solder bump 1 (Fig. 6) . The Young's modulus effect of the constraint layer is shown in Fig. 8 , indicating that the effect of the Young's modulus within the range of 120 Gpa to 140 Gpa on the equivalent strain is insignificant. Fig. 9 shows the CTE effect of the constraint layer. It presents that the equivalent strain will increase as the CTE difference between the silicon die and the constraint layer increases. Furthermore, for the thickness effect of the constraint layer, Fig. 10 indicates that with a constraint layer thickness of around 0.1 mm there are the minimum equivalent plastic strain (1.02%) and the maximum reliability life (3330 cycles) for the new package.
B. Substrate Size and Material Properties Effects
The substrate design parameters include material properties and geometrical configurations such as the Young's modulus, CTE, thickness and width. The equivalent plastic strain versus each design parameter is shown in Figs. 11-14 . The figures indicate that the equivalent plastic strain increases as the Young's modulus, CTE, thickness and width increase. It is clear that an easier way to reduce the equivalent plastic strain of the solder bump is to use a thinner or a flexible/compliant substrate.
C. PWB Size and Material Properties Effects
The design parameters considered in the PWB include material properties and geometrical configurations, such as the Young's modulus, CTE and thickness. The results of equivalent plastic strain versus each design parameter are shown in Figs. 15-17. The figures indicate that the equivalent plastic strain increases as the Young's modulus, CTE, and thickness increase.
D. Analysis of Conventional Flip Chip Package
For comparison purpose, the thermal stress/strain behavior of a conventional flip chip package (with an underfill structure and without a constraint layer) is studied in this research, using the same structural configurations, such as die size, bump size/layout, and substrate size the same as Fig. 6 . The underfill material property is shown in Fig. 4 . A 2-D mesh for the finite element analysis is shown in Fig. 18(a) and the fringe curve of the equivalent plastic strain at 125 C is shown in Fig. 18(b) . From Fig. 18(b) it can be seen that the maximum equivalent plastic strain is located in the right upper corner of the outermost solder bump. The equivalent plastic strain ( ) under thermal cycling ( 55 C to 125 C) for this particular solder bump is 0.009 13, and the reliability life obtained from equation (2) is 4215 cycles. In the case of the conventional flip chip package without underfill structure, the equivalent plastic strain ( ) increases to 0.0313 and the reliability life significantly decreases to 391 cycles. These results indicate that the underfill is a necessary structure to increase reliability life for the conventional flip chip package.
To conclude, a parametric study using finite element analysis has been performed over number of design parameters including the die size, substrate size and its material properties, PWB size and its material properties and the size/material properties of the backside CTE constrain layer of the flip chip package. The effects of each design parameter are shown in Table III , and it could be a guideline for the new flip chip package design.
V. CONCLUSION
This research proposed a flip chip package using a CTE constraint layer mounted on the backside of a substrate to confine the thermal expansion of the organic substrate. Results indicated that this CTE constraint layer could reduce the thermal mismatch between silicon die and substrate, as well as enhance the reliability of the solder joint. The results show that this new flip chip package can achieve the same level of solder joint reliability as the conventional flip chip package using an underfill material. Compared to the conventional flip chip package, results indicate that the reliability life of both the conventional flip chip and the new flip chip package with a 0.1 mm constraint layer both satisfy the life-cycle design specifications. Thus, the CTE constraint layer would be a feasible way to replace the underfill material such that better reworkability of the package can be attained.
